The isolation of a new class of mutants permitting facultative anaerobiosis in Neurospora crassa is described. Backcross analyses to the obligate aerobe prototroph (An) indicate single nuclear gene inheritance (An`/An4 ) . An+ and Ar are indistinguishable in morphology and growth rates under aerobic conditions . Anaerobic growth requires nutritional supplements that are dispensable for aerobic growth . Conidiogenesis, conidial germination, and vegetative growth rate are suppressed by anaerobiosis . An+ mutants produce substantial quantities of ethanol under anaerobic conditions . Anaerobiosis and chloramphenicol both affect mitochondrial enzyme activity and morphology . Chloramphenicol inhibition leads to reduction in cytochrome oxidase and swollen mitochondria with few cristae. Anaerobiosis leads to reduction in both cytochrome oxidase and malate dehydrogenase activities, enlarged mitochondria with fewer cristae, enlarged nuclei, and other alterations in cellular morphology . The fine structure of anaerobically grown cells changes with the time of anaerobic growth . We conclude that either inhibition of mitochondrial membrane synthesis or inhibition of respiration might lead to the observed alterations in mitochondria .
INTRODUCTION
Facultative anaerobiosis, the capacity to grow and cells, derive the bulk of their energy by fermentareproduce in either aerobic or anaerobic condi-tion rather than oxidative metabolism (1) . There tions, has arisen sporadically during the evolution is also evidence implicating a causal relationship of fungi, particularly among the yeasts and some between oxygen metabolism and dimorphism, a animal pathogens. The genetic and biochemical fungal morphogenetic phenomenon (2) . This bases of the differences between facultative anaer-relationship may involve reversible changes in the obes and obligate aerobes have received little mechanisms of cellular division . attention, although such information could be of Among yeasts, facultative anaerobiosis and economic and medical value and could contribute fermentation appear to approach an all-or-none to the understanding of cellular morphogenesis . effect (3) . For example, two closely related species For example, Warburg's pioneering investigations may differentially exhibit strict aerobiosis and suggest that cancerous cells, in contrast to normal facultative anaerobiosis . These findings suggested THE JOURNAL OF CELL BIOLOGY . VOLUME 50, 1971 • pages 721 -736 that such facultative behavior may be determined by a limited number of genes ; such a possibility led us to examine 12 wild-type strains of Neurospora crassa from various geographical areas of the world in an attempt to detect growth under partially anaerobic conditions . Preliminary experiments in our laboratory, supported by previous studies (6) (7) (8) , revealed that none of these strains was capable of anaerobic growth . Our studies included a Javanese strain, since Went (4) noted that a Javanese strain could ferment and grow anaerobically ; this particular strain had been used in the preparation of a fermented food and presumably had undergone some selection for its fermentative properties (5) .
The failure to detect natural variants allowing anaerobic growth led to the induction of mutants with facultative capacity . This report describes the isolation of such facultative anaerobe mutants and the characterization of some of their biological properties . A mutant of this type allows analysis of the effects of reduced oxygen tension on mitochondrial morphology, biogenesis, and biochemistry as well as cellular ultrastructure .
The present studies provide additional insights from analysis of the effects of a specific genetic alteration on cell growth and organelle biogenesis . Furthermore, the ability to grow under anaerobic conditions should enhance the survival of respiration-deficient mutants . The collection of numerous respiration-deficient mutants, both nuclear and extrachromosomal, will aid greatly in the elucidation of the genetic bases of mitochondrial biogenesis. The present studies are concerned with the use of the An+ strain for other biochemical and genetic studies rather than a detailed comparison with the An wild-type.
MATERIALS AND METHODS

Cultures and Media
LIQUID CULTURES : Two kinds of culture media are employed to enforce aerobic or anaerobic growth . For aerobic nonfermentive growth, standard Fries' minimal medium (9) supplemented with either 1 % glucose or sucrose is used . For anaerobic growth, an enriched medium employed for anaerobic growth of Saccharomyces cerevisiae is used (10) . This medium (YECE) differs primarily from minimal medium in that it contains yeast extract and casamino acids . In addition, Tween 80 (Atlas Chemical Industries, Inc., Wilmington, Del .) (5 g/liter) (a source of unsaturated fatty acids) and ergosterol (20 mg/ml) are 722 THE JOURNAL OF CELL BIOLOGY • VOLUME 50, 1971 generally added to YECE since they stimulate anaerobic growth of Saccharomyces (10, 11) . To reduce contamination from spore-forming bacteria, double concentration (2X) YECE (without glucose) is autoclaved 15 min at 120°C, allowed to stand overnight, and autoclaved a second time . Glucose (2 X, 4-20 070) in distilled water is separately autoclaved and added in equal volume to the final YECE after cooling . Stock solutions are stored at 4°C.
Media containing chloramphenicol are prepared by adding the correct amount of dry antibiotic to partially cooled flasks of autoclaved media .
AGAR SLANTS AND PLATES : Fries' minimal, glucose agar slants, and sorbose-sucrose plates are prepared by conventional technique ; colonial growth on plates is induced by adding sorbose (0 .8 %) and sucrose (0 .1 %) (12) . Colonial growth on enriched agar medium is done with YESSCE . In this medium, in place of glucose, a hot solution of sorbose (1 .6%) and sucrose (0.2%) is added, just after autoclaving, in equal volumes to hot, autoclaved YECE containing 3% agar .
ANAEROBIC CULTURES : Anaerobic cultures in liquid YEGCE are grown in three ways . Method No. 1 :
YEGCE (300 ml) is added to a 50 ml vacuum filtration flask fitted with a fritted glass gas dispersion tube, two outlets, and a magnetic stir bar. The gas dispersion tube is connected to a tank of oil-pumped nitrogen . Air is withdrawn from the system with an aspirator. Nitrogen is bubbled through the culture medium and water trap for at least 30 min . The conidial inoculum is added to the flask before the initial evacuation. Incubation is done at 30°C with stirring .
Method No . 2 : Cultures are incubated in an anerobic oven (National Appliance Company, Portland, Ore .) at 30°C after three cycles of evacuation to a vacuum of -74 cm Hg and flushing with nitrogen to atmospheric pressure . Oxygen concentration in the medium, determined with a portable oxygen electrode, is generally 0.2% or less . Method No . 3 : Cultures are incubated in an atmosphere of H2/CO2 in a BrewerAllgeier "Gas-Pack" jar (13) (Fisher Scientific Company, Pittsburgh, Pa .) according to the directions of the manufacturer.
Isolation of Facultative Anaerobic Mutants
The procedure is diagrammed in Fig . 1 . Conidia of wild-type 74A (FGSC No. 936) were harvested from slants after 4-5 days of growth and filtered through glass wool . 1 X 10 10 conidia were irradiated with an ultraviolet germicidal lamp (General Electric G3078) to 10% survival and incubated anaerobically by method No. 1 for 5-7 days . Traces of mycelial growth were removed by filtration through cheesecloth. The filter was washed several times with sterile fresh medium to remove entrapped conidia . The cheesecloth and mycelia were transferred to a CONIDIA tivity (CAPR/CAPS) . It is likely that these unselected Table II . Methods of preparing cellular extracts and mitochondria, assays for malate dehydrogenase, and protein determination were previously described (15) . Cytochrome oxidase activity was determined spectrophotometrically with dithionite-reduced cytochrome c by the method of Sherman and Slonimski (16 
Genetic Analyses
Each of six mutant sublines was backcrossed to the obligate aerobe wild-type (3 .1a, FGSC No . 935) on 2% corn meal agar (0 .1% sucrose) slants at 25°C . Random ascospores were collected 1 month after crossing, heat shocked (60°C, 60 min), plated on YESSCE, and incubated aerobically for 4 days at 30°C . Single colonies were transferred to YEGCE slants for conidia of progeny isolates, incubated anaerobically by method No . 3 for 7 days at 30°C, and scored visually for growth during that period . Progeny exhibiting positive responses were scored as An+. An progeny and the original parent exhibited no growth after 1 month's incubation under these conditions . An+ backcross progeny were tested for the mating type locus (A/a) by the method of Perkins (14) . Other unselected phenotypes observed were glycerol utilization (Gly+/Gly) and chloramphenicol sensi-
Electron Microscopy
Conidia were inoculated centrally onto a dialysis membrane layered on a Petri plate containing YEGCE supplemented with 1 % glucose and 1 % agar . The dialysis membrane was sterilized in 70% ethanol and washed in sterile distilled water before overlaying the membrane onto the medium . The plates were incubated aerobically at 30°C for 20-24 hr or anaerobically for 3 days at 30°C by method No . 3 . Mycelial pads on the dialysis membrane were lifted from Petri plates with tweezers and transferred to 5 ml of freshly prepared fixative in a Petri plate . Fixation was allowed to proceed for 1 hr (at room temperature) in a solution (pH 7 .3) of sodium cacodylate (0 .05 M), sucrose (0 .065 M), glutaraldehyde (0 .33 M), and acrolein (0 .54 M) . The osmolarity of the fixation medium was 0 .70 M, the iso-osmolar concentration of Neurospora mycelia (17) .
After fixation, mycelia and dialysis membrane were soaked overnight in a freshly prepared solution of sodium cacodylate (0 .1 M, pH 7 .3) and sucrose (0 .12 M) . Hyphal tips were removed in segments about 2-5 mm from the periphery of the mycelial pad and postfixed at 0°C for 1 hr in a freshly prepared solution containing osmium tetroxide (1 %), sodium cacodylate (0.1 M), and 0 .125 M sucrose. Subsequently, the hyphal tips were washed several times in distilled water, stained in 0.5% aqueous uranyl acetate for 30 min, and washed twice with distilled water . Hyphal tips were dehydrated by successive incubations in 50, 70, 95, and 100% ethanol with two 5-min intervals in each solution, followed by two 10-min intervals in 100% propylene oxide . Stepwise infiltration with Epon-Araldite (1 :0 .8) and DMP-30 catalyst (1%) in propylene oxide mixtures of 50, 70, and 90% plastic were made at 24-hr intervals with a final 4 hr period in 100% Epon-Araldite . Plastic was cured by a 2 day incubation at 40°C followed by 5 days at 60°C. Thin sections were cut with a glass knife and an LKB II microtome and stained by the method of Frasca and Parks (18) Glutaraldehyde was purified by passage through a column of Dowex-2 (Dow Chemical Co ., Midland, Mich .) ion exchange resin in ammonium form .
RESULTS
Genetic Analyses
Six subclones of facultative anaerobe mutants were isolated after initial UV irradiation and three cycles of enrichment for growth as illustrated in Because of the experimental design, one cannot ascertain whether the mutants were induced or of spontaneous origin, or whether -they ,t were of independent origin .
Backcross analyses clearly indicate a 1 :1 segregation of the phenotype, suggesting a single nuclear gene (Table I) . No infertility or ascospore inviability was observed . Facultative anaerobiosis is designated as An+ without any implications of dominance or recessiveness . Some degree of heterogeneity of growth rate of various An+ progeny from single crosses was observed . Possibly, additional modifier genes were segregating . Other nonselected phenotypes, glycerol utilization (Gly+) and chloramphenicol resistance (CAPR), as well as the mating type locus (A) also segregated 1 : 1 without any evident linkage to one another or An+. In this context, we note that deliberate selection in S. cerevisiae yielded Gly-and CAPR mutants inherited as nuclear genes (19, 20) .
For most subsequent studies, two lines were selected from An+-2 backcross progeny : An+ 2-B-12-3a, CAPS, Gly+ and An+ 2-B-16-3A, CAPg, Gly+ .
General Observations of An+ Mutants
An+ and An strains are morphologically indistinguishable and grow at equal rates in aerobic conditions on either enriched or minimal medium .
In S . cerevisiae, two metabolites whose synthesis requires molecular oxygen, ergosterol, and unsaturated fatty acids (Tween 80) are required for optimal anaerobic growth (10, 11) . Anaerobic growth of An+ strains is apparently more nutritionally fastidious, as in yeasts, since Fries' minimal glucose medium, alone or with Tween 80 and ergosterol supplement, does not support growth . Only enriched medium (YEGCE) supports * The parent on the left was protoperithecial . An+ progeny were capable of anaerobic growth from conidial inocula (method No . 3) in 2-5 days whereas no growth of An occurs in at least 1 month . Conidia precultured on YEGCE slants in air were transferred to 5 ml YEGCE (5% glucose) in 150 X 18 cm tubes to 1 X 10 6 /ml and incubated for 5 days at 30°C in a Brewer-Allgeier "GasPack" jar set to decolorize methylene blue . Cultures were filtered on a Buchner funnel, and the filtrate was assayed for ethanol with alcohol dehydrogenase (Sigma Chemical Co. method No. 330) .
B . Partial Anaerobiosis
Conidia of An+-2-B-12 precultured on YEGCE slants in air were transferred to 50 ml YEGCE in 125-ml Erlenmeyer flasks to 1 X 10°/ml and incubated for 21 days at 30°C in an anaerobic oven under nitrogen at atmospheric pressure . Initial oxygen concentration in the medium was 0.2% as determined by a oxygen meter . Final cell dry weight was 0 .6-0 .9 mg/ml . Table IV for definition of total enzyme units, specific activity, and culture conditions .
transfer chain enzymes of mitochondrial cristae (22) , and the formation of cristal membranes (23) . Glycerol, however, being nonfermentable, enforces aerobic respiration and maximal synthesis of respiratory enzymes. 
Repression of Mitochondrial Biogenesis
Repression of mitochondrial biogenesis by anaerobiosis or by inhibition of mitochondrial protein synthesis with chloramphenicol was examined by assays in vitro of mitochondrial enzymes and by observation of mitochondrial morphology in situ by electron microscopy .
Others previously established that chloramphenicol specifically inhibits mitochondrial protein synthesis in vivo and in vitro with an obligate aerobic strain of Neurospora (25) . To determine inhibitory concentrations of the antibiotic, both An and An+ strains were plated on YESSCE plates with various concentrations of chloramphenicol (CAP) and incubated for 2 or 3 days at 30°C. The plates were then overlayed with agar containing a tetrazolium dye, as described in detail elsewhere (21) O~1' 01 cm Cultures of An+ were grown with inhibitory CAP concentrations, and mycelial homogenates were assayed for mitochondrial malate dehydrogenase (MDH) and cytochrome oxidase activities . As summarized in Table IV , the specific activity of cytochrome oxidase was greatly reduced by culture with CAP at two concentrations in all ages of culture . Conversely, CAP led to no significant reduction in MDH activity . Although whole cell homogenates were used, the MDH activity is mitochondrial since, under these conditions, synthesis of the cytoplasmic isozyme of MDH is repressed (15) .
Anaerobiosis, as with CAP inhibition, markedly lowers the specific activity of cytochrome oxidase relative to aerobic culture, although not to the same extent as in aerobic culture with CAP . However, in contrast to CAP-inhibited cultures, MDH specific activity was significantly lower in anaerobic culture . Therefore, growth under anaerobic conditions appears to repress both the formation of both cytochrome oxidase, a cristal enzyme, and MDH, a noncristal enzyme ; whereas aerobic growth with CAP inhibits onlycytochrome oxidase synthesis .
Electron micrographs of thin sections of cells of An+-2-B-12-3a cultured under aerobic and anaer-THE JOURNAL OF CELL BIOLOGY -VOLUME 50, 1971 * Facultative anaerobe (An+ 2B-12-3a) was cultured in YEGCE medium (5% glucose) at 39°C . Aerobic cultures were in 100 ml of medium in a 500 ml Florence flask (at initial inoculum of 5 X 105 conidia/ml) on a rotary shaker for 16-18 hr . Anaerobic cultures were grown in a Brewer-Allgier jar (5 ml culture) for 5-7 days . $ Parenthetical values indicate number of figures measured at 30-100,000 final magnification .
obic conditions are given in Figs . 2-6 . Aerobic cells contain numerous elongate-to-ovate mitochondria with long parallel "orthodox" cristae (Fig . 2) . Table V summarizes measurements of some ultrastructural dimensions . In aerobic hyphae, between seven and eight mitochondrial sections per nuclear section and an average of six to sevencristae per mitochondrial section are observed . The cells are further characterized by a granular cytoplasm with occasional single-membrane bounded vesicles having an electron-transparent interior with dense inclusions (Fig . 2) . The endoplasmic reticulum is not extensively developed, and usually is represented by short, isolated cisternae with associated ribosomes . Rarely, another type of vesicle is observed which is smaller than mitochondria and has a double membrane surrounding a uniformly dense matrix .
Other experiments indicate that aerobic cultures of An+ and An strains are indistinguishable in ultrastructure . Anaerobic culture of An+, however, causes marked ultrastructural changes . Generally, anaerobic cells are smaller with enlarged nuclei and mitochondria and contain fewer recognizable mitochondria per nuclear profile . The mitochondria in anaerobic cells are markedly swollen, exhibit fewer and shorter cristae, and contain a dense particulate matrix . A spectrum of cell types in a given anaerobic culture is found, ranging between the extremes shown in Figs . 3-6 . A cell such as that in Fig . 4 represents the most extreme type observed, having a grossly enlarged nucleus and a nearly complete absence of mitochondria . Occasionally, small vesicles and, rarely, a rudimentary mitochondrion are pressed between nuclear membrane and plasma membrane . While these studies suggest a reduction in the number of FIGURE 2 Thin section of hypha from aerobic culture in enriched medium . Facultative anaerobe (An+-2-B-12-3a) was cultured in shaker flasks at 30°C in YEGCE medium for 18 hr . X 50,000 .
FIGURE 3 Thin section of cell from anaerobic culture in enriched medium . Facultative anaerobe (An+-2-B-12-3a) was cultured in liquid YEGCE medium at 30°C for 7 days in an anaerobic jar. Aerobic pregermination period was 12 hr . X 50,000 .
mitochondria, possible artifacts of fixation or staining cannot be excluded .
Cell structure, such as seen in Fig . 3 , is observed infrequently in anaerobic culture . Here mitochondria are enlarged and contain only one or two short cristae in section ; however, inner and outer boundary membranes remain . Other membranes, such as plasma membrane, endoplasmic reticulum, unit membrane vesicles (which are probably glyoxysomes [26] 1 ) and nuclear membrane, resemble those of aerobic cells .
To determine if different times of growth had an effect on the fine structure of anaerobically grown cells, hyphae were grown on solid media in the anaerobic jar for 3 days at 30°C . Since conidia germinate poorly in the anaerobic jar, conidia on the inoculated plates were pregerminated aerobically for either 2 or 6 hr. Thus, while the conditions of anaerobiosis are the same, we were able to obtain cells grown for a shorter time . Differences in the fine structure of these cells compared to those of cells from liquid cultures were found .
When conidia had been germinated for 2 hr aerobically and cultured anaerobically for 3 days, the cellular ultrastructure was severely disrupted . While there was little difference in either the frequency or morphology of mitochondrial profiles, the general appearance of the cells was different . Cells contained numerous electron-transparent regions which were regular in shape but did not appear to have a limiting membrane . Cytoplasmic membrane, resembling smooth endoplasmic reticulum, was abundant and appeared as stacks of cisternae rather than as individual cisternae . The appearance of these cells was not altered by increasing the carbon source in the medium from 1 % to 10 % glucose .
Hyphal sections derived from conidia germinated aerobically for 6 hr and cultured anaerobically for 3 days were quite similar in appearance to the cells described above, but significant differences were observed . The amount of cytoplasmic membrane was greatly increased, both in amount and in length of membrane cisternae, occasionally extending the entire length of the section (Fig. 6) . Whorls of membrane were frequently observed to lie near the cell wall .
Mitochondrial profiles were extremely rare and when found were noncristate . Also, the cells occasionally contained paracrystalline inclusions with several types of periodicity (see Fig . 6 for an example) . These inclusions were generally quite FIGURE 5 Conditions as in Fig . 3 except aerobic pregermination period was 6 hr followed by a 3 day anaerobic incubation. Dialysis membrane method . large in size . Again, the cellular fine structure was not altered by increasing the carbon source to 10 % glucose.
These experiments show that cells grown for a shorter period of time have relatively more free cytoplasmic membrane, appearing both as cisterna-like structures and as whorls. Also, paracrystalline inclusions were observed under these conditions . However, there were no detectable differences in the mitochondrial morphology of cells grown under the various conditions .
Aerobic culture of An+ mycelia in the presence of chloramphenicol also leads to degenerate mitochondrial structure (Fig. 7) . Such mitochondria, as in anaerobic cells, are enlarged with occasionally only a few short cristae . However, unlike aerobic or anaerobic mitochondria, cristae vary from typical orthodox to enlarged ovate or spherical structures which, in some instances, occupy the majority of the mitochondrial interior, leading to an apparent inversion of the electron-opaque and electron-transparent spaces . In addition, abnormal membranous structures are observed throughout the cytoplasm, although the structures are not the same as those observed in the 3-day anaerobically grown cells. These are probably highly degenerate mitochondria since such structures occasionally contain a cristalike structure on the "inner" membrane . Similar "membrane degeneracy" is also occasionally found in anaerobic cells as well as in respiratory-deficient mutants . 2 Preliminary experiments with inhibitory concentrations of antimycin A, a respiratory chain inhibitor, suggest that blocking respiration is The biochemical nature of the underlying genetic differences between obligate aerobes and facultative anaerobes remains to be discovered ; however, the observation of apparent single nuclear gene differences suggests that the basis may be relatively simple . A probable control point in the relative activities of fermentative and oxidative pathways in yeast (27) and in Neurospora (7) is the utilization of pyruvate, the branch point of these two pathways .
The degree of fermentation relative to oxidative metabolism is known to influence morphological 732 THE JOURNAL OF CELL BIOLOGY . VOLUME 50, 1971 processes in Neurospora. Weiss and Turian (7) concluded that glycolysis and fermentation favor mycelial growth, while oxidative metabolism favors conidiation . The suppression of conidiophore formation and conidiogenesis by partial anaerobiosis observed here points to the same conclusion . In addition, partial anaerobiosis in Neurospora sitophila represses perithecial formation to a greater extent than mycelial growth (28) .
The Effect of Anaerobiosis on Mitochondrial Configuration
Anaerobiosis, in addition to its effects upon conidiation and colony morphology, also affects cellular ultrastructure, particularly mitochondrial morphology . Weiss and Turian (7) have also noted differences in the in situ morphology of mitochondria in mycelia, which utilize a fermenta- FIGURE 7 Conditions as in Fig . 9 except medium was supplemented with chloramphenicol (4 mg/ml) . Note swollen mitochondria with rudimentary infrequent cristae . Despite the paucity of cristae and the enlargement of mitochondria in inhibited cells, the inner boundary membrane is persistent . This observation supports the conclusion of others (30) (31) (32) that the three mitochondrial membranes (outer, inner, and cristal) show differences not only in function but also in mechanism of biogenesis .
Since conditions sufficient to inhibit respiration (antimycin A treatment) induce swelling and reduce the number of cristae, these observations could indicate that the morphological alterations of mitochondria induced by anaerobiosis, chloramphenicol treatment, or respiratory-deficient mutation may simply be due to the inhibition of respiration . An alternative possibility is that these conditions induce swelling and alteration of cristae by altering the conformation of the membrane subunits as has been suggested by Green and coworkers (37) (38) (39) . Presumably, the altered or missing subunits are specific for the cristae, since this mitochondrial membrane shows the greatest dependency on aerobic metabolism . However, the altered cristae may result in changes affecting the whole organelle .
Although a lowered specific activity of an enzyme may reflect a lower rate of synthesis, the activity may also be latent rather than deficient as is found for the cytochrome oxidase activity of an extrachromosomal respiration-deficient mutant of Neurospora (40) . Schatz and associates (33) (34) (35) concluded that during anaerobiosis there is a degeneration of mitochondria to "promitochondria" rather than a loss of mitochondria as suggested by Linnane and coworkers (36) . Both groups have also suggested that mitochondrial biogenesis is influenced by the type of media and age of the culture . It now appears that, in yeast, mitochondria in anaerobically grown cells are present but are lipid-depleted and must be fixed with aldehyde rather than permanganate for visualization in the electron microscope (44, 46) . Mitochondrial profiles in such cells have also been observed with the freezeetching technique (35) . Here, anaerobic growth of Neurospora leads to an apparent decrease in the number of recognizable mitochondria even though the procedure involves aldehyde fixation .
These studies of anaerobic repression in Neurospora have not involved the numerous experimental variables utilized for S . cerevisiae . However, the absence of glucose repression of mitochondrial biogenesis in Neurospora allows a direct examination of the role of oxygen, unlike the situation in S . cerevisiae in which both cellular glucose levels and oxygen tension are regulators (43) .
Additional investigations of mitochondrial biogenesis and mutation in facultative anaerobes of Neurospora are in progress and will be reported elsewhere (21) .
